Introduction
Just over 50 years ago, Leonard Hayflick and Paul Moorhead reported their seminal observation that primary human cells possess a finite lifespan in culture, describing the phenomenon as a form of 'senescence at the cellular level' (Hayflick and Moorhead, 1961) . Since then, significant progress has been made toward characterizing how damaged cells establish a stable proliferation arrest, a process that we now refer to as cellular senescence, and research has focused on identifying the molecular triggers, mechanisms, phenotypes and functional impact of engaging the senescence programme (Adams, 2009; Campisi and d'Adda di Fagagna, 2007; Kuilman et al., 2010) . Here, and in the accompanying poster, we concisely summarise recent advances in our mechanistic and functional understanding of the senescence programme and discuss how it might be exploited for therapeutic purposes.
Cell senescence is a stable state of proliferation arrest that cells undergo in response to a variety of detrimental stimuli to limit the propagation of damaged and stressed cells. Considerable evidence supports a functional role for senescence (See poster insert) in tumour suppression and wound healing, but also possibly in promoting tissue ageing. To date, a diverse array of cellular stressors have been identified as triggers of senescence.
One of the first reported molecular triggers of senescence was telomere attrition, the progressive shortening of the linear ends of chromosomes that occurs with repeated rounds of cell division (Harley et al., 1990) . Consequently, senescence that occurs because of telomere shortening (and probably coupled with oxidative damage) is referred to as replicative senescence (RS). Senescence induction also occurs in response to the activation of oncogenes, termed oncogene-induced senescence (OIS) (Serrano et al., 1997) . In addition, DNA-damaging agents and oxidative stress have been identified as potent initiators of senescence (d'Adda di Fagagna, 2008; Saretzki and Von Zglinicki, 2002) . Each of these molecular triggers is fully capable of driving senescence by engaging an integrated network of effector pathways that collectively culminate in the establishment of a stable proliferation arrest and the expression of the senescence-associated secretory phenotype (SASP), an array of chemokines, cytokines, extracellular matrix remodelling enzymes and other soluble and insoluble factors secreted by senescent cells (see Box 1).
Effectors of the senescence program
It is now well established that the p53 and p16INK4a-pRb tumour suppressor pathways are the master regulators of senescence and serve to initiate a state of stable proliferation arrest. Indeed, bypass of senescence in primary human cells requires inactivation of both the p53 and p16INK4a-pRb pathways (Bond et al., 1999; Hahn et al., 2002; Shay et al., 1991) , as reviewed extensively elsewhere (Ben-Porath and Weinberg, 2005; Campisi, 2005) . In culture, senescent cells frequently display an enlarged, flattened morphology that is accompanied by expression of p16INK4a and elevated lysosomal activity (senescence-associated b-galactosidase; SA b-gal) (Campisi and d'Adda di Fagagna, 2007) . Recent studies have identified additional effector mechanisms involved in establishing senescence that are further discussed here, including the DNA-damage response, chromatin remodelling and autophagy (see Poster).
DNA-damage response
A common feature of many senescence triggers is the ability to produce DNA damage. Not surprisingly, the DNAdamage response (DDR) has emerged as a crucial senescence effector mechanism. Replicative senescent cells accumulate markers of DNA damage, including phosphorylated c-H2AX, CHK1, CHK2, SMC1 and RAD17, and inactivation of the DDR enables replicative senescent cells to resume DNA replication (d'Adda di Fagagna et al., 2003; Takai et al., 2003) . Similarly, oncogenic activation engages the DDR by driving hyper-replication, resulting in improperly terminated replication forks and DNA double-strand breaks (Bartkova et al., 2006; Di Micco et al., 2006) . More recent findings suggest that when DNA damage occurs at telomeres, it cannot be effectively repaired, resulting in the presence of chronic DNA damage foci, a persistent DDR and senescence induction Hewitt et al., 2012) . Intriguingly, oncogenic activation also induces telomeric lesions, stochastic telomere attrition and senescence (Hewitt et al., 2012; Suram et al., 2012) . Inactivation of CHK2 not only abolishes oncogenic H-RAS-induced senescence, but also promotes cellular transformation, further illustrating the significance of an intact DDR for the establishment of OIS (Di Micco et al., 2006) .
In addition, a persistent DDR is required for robust expression of the SASP (see Box 1). Indeed, inactivation of the DDR mediators ATM, CHK2 or NBS1 attenuates the SASP in radiation-induced senescent cells (Rodier et al., 2009 ). Thus, a sustained DDR is crucial for establishment of proliferation arrest and SASP expression, the two phenotypic hallmarks of senescence.
Chromatin remodelling
Upon senescence induction, cells undergo profound chromatin remodelling, which is also emerging as an important mediator of the senescence program, and its most striking manifestation is the formation of facultative heterochromatin structures termed senescence-associated heterochromatic foci (SAHF). Originally reported by Scott Lowe's laboratory, SAHF appear microscopically as large DNA foci when senescent cells are stained with 49,6-diamidino-2-phenylindole (DAPI) (Narita et al., 2003) . There are ,30-50 foci per nucleus, and each focus arises from the compaction of Box 1. Senescence-associated secretory phenotype
In addition to the establishment of a stable proliferation arrest, the other hallmark of senescence is the senescence-associated secretory phenotype (SASP). Senescent cells remain metabolically active and express and secrete a broad spectrum of soluble and insoluble proteins, as well as other factors collectively termed the SASP. SASP factors can be classified into several defined categories including interleukins, chemokines and other inflammatory factors, proteases and regulators, growth factors and regulators, receptors and ligands, and extracellular matrix components (Coppé et al., 2010) . The SASP is at least partially dependent upon a persistent DNA-damage signal, because depletion of the DDR mediators ATM, CHK2 or NBS1 in senescent cells attenuates secretion of the cytokine interleukin 6 (IL6) (Rodier et al., 2009 ). In addition, SASP factors including several chemokine receptor 2 (CXCR2) ligands (e.g. IL8) reinforce the senescence proliferation arrest by enhancing the DDR, underscoring the role of the SASP as not only a downstream phenotype of senescence, but also an integral effector mechanism (Acosta et al., 2008; Kuilman et al., 2008) . Functionally, secretion of SASP factors into the extracellular milieu by senescent cells can elicit a variety of autocrine and paracrine responses. Non-cell-autonomous functions of the SASP include the attenuation of fibrosis in response to chemical-induced or physical injury, modulation of the immune response and transmission of senescence to normal neighbouring cells adjacent to senescent lesions (Acosta et al., 2013; Jun and Lau, 2010; Krizhanovsky et al., 2008; Lujambio et al., 2013; Nelson et al., 2012) . Indeed, a number of reports ascribe a role for the SASP in the tumour suppressive function of senescence through the initiation of immune surveillance and clearance of senescent cells in vitro and in vivo (Kang et al., 2011; Krizhanovsky et al., 2008; Xue et al., 2007) . By contrast, secretion of the SASP by senescent cells can also facilitate detrimental non-cell-autonomous effects, including enhancement of cell growth, induction of the epithelial-to-mesenchymal transition (EMT) and invasiveness and the promotion of tumorigenesis (Coppé et al., 2008; Krtolica et al., 2001; Yoshimoto et al., 2013) . Consequently, the SASP reflects both a definitive and essential feature of senescence that can also potentiate tissue dysfunction and cancer in certain contexts.
an individual chromosome (Funayama et al., 2006; Zhang et al., 2007) . Although SAHF probably reflect a heterochromatic state, pericentric and telomeric heterochromatin domains are largely excluded from SAHF (Chandra et al., 2012; Funayama et al., 2006; Narita et al., 2003; Zhang et al., 2007) .
SAHF exhibit enrichment of histone H3 lysine 9 dimethylation and trimethylation (H3K9me2/3) and are devoid of the euchromatic histone H3 lysine 9 acetylation (H3K9ac) and histone H3 lysine 4 methylation (H3K4me) marks (Narita et al., 2006; Narita et al., 2003) . Recent data indicate that SAHF result from the spatial reorganization of preexisting domains of repressive histone modifications rather than through the acquisition of new repressive histone marks (Chandra et al., 2012) . This study further showed that, whereas H3K9me2 is distributed across the entire SAHF focus, H3K9me3 is restricted to the SAHF core and is enveloped by a ring of H3K27me3. SAHF are also composed of additional heterochromatin components, including the histone H2A variant macroH2A and the heterochromatin protein 1 (HP1) and high-mobility group A (HMGA) proteins (Narita et al., 2006; Narita et al., 2003; Zhang et al., 2005) .
Functionally, SAHF probably mediates senescence in two ways. First, SAHF is likely to restrict the expression of proliferation genes, such as cyclin A2, a gene required for cell cycle progression that is silenced and physically incorporated into SAHF (Narita et al., 2003; Zhang et al., 2007) . Likewise, actively transcribed chromatin regions are largely excluded from SAHF (Funayama et al., 2006; Narita et al., 2003) . Recent findings also support a role for SAHF in dampening the DDR and preserving cell viability following oncogene-induced replication stress (Di Micco et al., 2011) . This study revealed that the DDR mediators c-H2AX, RAD50, NBS1 and activated ATM are physically excluded from SAHF in OIS fibroblasts. Furthermore, inhibition of the H3K9me3 methyltransferase SUV39, or depletion of SUV39 or HP1 disrupts heterochromatin formation in oncogene-expressing cells, increases the DDR and leads to the accumulation of DDR markers at DAPIrich regions, and ultimately results in cell death (Di Micco et al., 2011) . Thus, chromatin remodelling reinforces senescence-mediated proliferation arrest and constrains the DDR.
Autophagy
More recently, evidence has emerged indicating that autophagy has an important role as a molecular mediator of cell senescence, including in the establishment of cell cycle exit and SASP expression. Autophagy is a program in which intracellular proteins, small organelles and other cytoplasmic constituents are degraded by lysosomes for their subsequent use by the cell as substrates in various metabolic and synthetic processes (Mizushima, 2007) . Intriguingly, autophagic activity increases markedly during OIS in primary human fibroblasts (Young et al., 2009 ). Depletion of either ATG5 or ATG7, genes required for autophagy, attenuates SA bgalactosidase activity, a molecular marker of a senescence-specific expansion of the lysosomal compartment, and delays expression of SASP components, IL6 and IL8, in OIS fibroblasts. Remarkably, reduction of ATG5 or ATG7 protein levels also enables cells to bypass H-RAS-induced proliferation arrest, indicating that autophagy is an essential contributor to the establishment of OIS.
Additionally, senescent cells typically exhibit an enlarged morphology, contain more protein per cell than proliferating cells and maintain active protein synthesis (Young et al., 2009 ). To accommodate this significant energetic demand, OIS cells upregulate autophagy to increase nascent protein synthesis through the formation of a novel subcellular structure termed the TOR-autophagy spatialcoupling compartment (TASCC) (Narita et al., 2011) . Findings from this study indicated that the recruitment of the mTOR complex to the TASCC is dependent on amino acids and Rag GTPase, and disruption of mTOR recruitment to the TASCC restricts IL6 and IL8 expression during OIS. As a component of the SASP (see Text Box 1), IL6 is involved in the activation of the senescence inflammatory transcriptome and is required for the proper establishment of OIS (Kuilman et al., 2008) . Consequently, the spatial association of mTOR-regulated autophagy and protein synthesis in senescent cells appears to facilitate the synthesis of at least a subset of SASP proteins and thus represents a crucial effector mechanism in the establishment of OIS. Whether autophagy plays an essential role in all modes of senescence remains to be elucidated, because different studies have found that inhibition of mTOR, which is known to activate autophagy, alternately delays or potentiates aspects of senescence (Cao et al., 2011; Demidenko et al., 2009; Iglesias-Bartolome et al., 2012; Kennedy et al., 2011; Wall et al., 2013) .
Interestingly, an autophagy and/or lysosomal pathway has been shown to process chromatin in senescent cells, leading to depletion in total histone content. Depletion of histones was shown to correlate with naevus maturation, an established histopathological parameter associated with proliferation arrest and clinical benignancy, therefore linking chromatin remodelling via an autophagic pathway with senescence and tumour suppression (Ivanov et al., 2013) .
The diverse roles of senescence
Since the first description of senescence, it is becoming apparent that it has diverse functions and impinges on fundamental biological processes that can have opposing effects, such as tumour suppression, tissue repair, ageing and tumour promotion.
To form a tumour, cancer cells typically must acquire an unrestrained growth potential, a trait that is suppressed by senescence (Hanahan and Weinberg, 2000) . Indeed, many of the same triggers that initiate cell transformation are also able to elicit a senescence response. Consequently, most, if not all, cancers have mutations in the p53 and p16INK4a-pRb pathways, allowing for a bypass or escape from senescence. In addition, many premalignant tissues contain senescent cells (discussed below).
Senescence has also been shown to regulate tissue repair using a mouse model of liver damage (Krizhanovsky et al., 2008) . Upon the induction of liver damage by chemical treatment, hepatic stellate cells proliferate and secrete extracellular matrix (ECM), which results in the formation of a fibrotic scar. These cells soon senesce and display a SASP that results in the downregulation of ECM components and the increased expression of matrix metalloproteinases (MMPs), which can also degrade ECM proteins. Senescent hepatic cells also secrete chemokines to attract natural killer cells to resolve fibrosis once the healing has taken place to allow the restoration of normal tissue function. Furthermore, when senescence is inhibited in hepatic stellate cells severe fibrosis entails after acute liver injury, underscoring the importance of senescence in facilitating a portion of the wound-healing response (Krizhanovsky et al., 2008) .
Cells with senescent properties have been shown to increase with age in a variety of mammalian tissues (Dimri et al., 1995; Herbig et al., 2006; Jeyapalan et al., 2007; Krishnamurthy et al., 2004; Sedelnikova et al., 2004; Wang et al., 2009) , and, moreover, the accumulation of senescent cells is also related to ageassociated tissue pathologies, such as osteoarthritis, atherosclerosis and liver cirrhosis (Minamino and Komuro, 2007; Price et al., 2002; Wiemann et al., 2002) . Experimentally, inactivation of p16INK4a-pRb in a prematurely aged mouse model is able to prolong cell renewal and transgenic expression of telomerase, an enzyme that maintains telomere length and extends longevity in cancer-resistant mice (Baker et al., 2008; Janzen et al., 2006; Krishnamurthy et al., 2006; Molofsky et al., 2006; Tomás-Loba et al., 2008) .
The contribution of senescence to ageing has been explained by the 'theory of antagonistic pleiotropy', which stipulates that a biological process can be both beneficial and deleterious, depending on the age of the organism (Williams, 1957) . Specifically, a subset of genes responsible for negative effects are selected for if they can confer a reproductive advantage early in life, whereas they confer harmful effects in aged individuals. Antagonistic pleiotropy is based on the fact that most organisms evolve in environments with fatal extrinsic hazards: a so-called 'survival of the fittest'. However, age-associated phenotypes are not under the control of natural selection and, therefore, processes that promote fitness in young individuals can be detrimental in aged organisms (Rodier and Campisi, 2011; Williams, 1957) . According to this view, senescence is beneficial in young organisms through its ability to promote tumour suppression and wound healing, but it has detrimental effects on old organisms. This is in line with the finding that cellular senescence is associated with age-related phenotypes and the removal of senescent cells is able to prevent or delay tissue dysfunction and extend healthspan (Baker et al., 2011) . Nonetheless, the notion of senescence as an example of antagonistic pleiotropy has also been challenged recently because there is little evidence that the positive effects of senescence on survival predominate at young ages and the negative effects predominate at late ages (Giaimo and d'Adda di Fagagna, 2012) .
The theory of antagonistic pleiotropy can explain the tumour-promoting role of senescence. Although seemingly paradoxical, senescence might promote cancer owing to the fact that senescent cells are able to promote malignancy in the cells around them. Through the SASP (see Box 1), senescent cells secrete a large amount of cytokines and chemokines into their surrounding environment (Coppé et al., 2010) . Because the number of senescent cells increases with age, the secretion of these factors can persist and stimulate the formation of a tumour. It is possible that a large, persistent amount of SASP signalling promotes the protumorigenic effects, whereas their secretion in lower amounts during acute SASP promotes the tumour suppressive effects of senescence. Whatever the main contribution of SASP might be, either proor anti-tumorigenic, it appears to be clearly context dependent, as a result of many factors such as the interplay of tumour suppressors and the tissue microenvironment (Lujambio et al., 2013) .
Senescence in cancer and normal tissue homeostasis
Senescence was initially considered an artefact of in vitro cell culture shock, but this view has now changed owing to many groups observing senescent cells in premalignant tissues (Sherr and DePinho, 2000) . Analyses of human and murine tissues have shown the presence of senescent cells in lung adenomas, pancreatic intraductal neoplasia (PanIN lesions), prostatic intraepithelial neoplasia (PIN lesions) and melanocytic naevi, all of which are premalignant neoplasms (Braig et al., 2005; Chen et al., 2005; Collado et al., 2005; Michaloglou et al., 2005 ) (see Poster). It has also been shown that senescence is largely abolished in the corresponding malignant lesionlung carcinomas, pancreatic ductal adenocarcinomas, prostate carcinomas and melanomas, respectively Collado et al., 2005; Gray-Schopfer et al., 2006) .
Mouse models have been used to alter tumour suppressor genes such as PTEN or oncogenes such as NRAS to induce senescence that is associated with the development of pre-malignant lesions without signs of apoptosis (Braig et al., 2005; Chen et al., 2005) . Upon inactivation of senescence through deletion of senescence modulators such as p53 or chromatin modulators, fully developed malignancy then occurred, highlighting the role of senescence in tumour suppression. Senescence has also been observed in melanocytic naevi in mice with an activated mutant form of the oncogene Braf (BRAFV600E) expressed specifically in their melanocytes (Dhomen et al., 2009) . Appropriately, the majority of benign human naevi have also been found to have a BRAFV600E mutation (Pollock et al., 2003) . However, the efficiency of senescence in acting as a tumour suppression mechanism in murine naevi harbouring BRAFV600E-expressing melanocytes is reduced compared with human naevi because these mice typically develop melanomas within a year (Dhomen et al., 2009) . Nonetheless, the rather long latency of tumours in these mice suggests that oncogenic BRAF alone is not sufficient for the induction of melanoma and that additional events are required to bypass senescence and for subsequent disease progression. Indeed, additional genetic alterations in oncogenes or tumour suppressors have been shown to accelerate progression into melanoma (Damsky et al., 2011; Dankort et al., 2009; Delmas et al., 2007; Vredeveld et al., 2012) .
In addition to the role of senescence in tumour suppression and in ageing, there is also in vivo evidence for its role in normal cellular differentiation and development, such as the terminal differentiation of megakaryocytes (Besancenot et al., 2010) . The proliferative arrest that is observed in mature megakaryocytes resembles a senescence arrest, because many markers of senescence are upregulated in this state. Interestingly, senescence is not observed in malignant megakaryocytes, which might be the underlying reason for their cancerous phenotype.
Senescence therapies
As discussed above, the bypass or escape of a senescence response in premalignant lesions is required for tumour progression (Bennecke et al., 2010; Braig et al., 2005; Chen et al., 2005; Collado and Serrano, 2010; Dankort et al., 2009; Dhomen et al., 2009) . Therefore, if senescence can be either maintained or reactivated, progression towards a malignant state might be slowed or malignancy even averted, suggesting that senescence could be a therapy target. Supporting evidence from murine models shows that the reactivation of tumour suppressor genes such as p53 can induce senescence and tumour regression in a liver tumour model (Ventura et al., 2007; Xue et al., 2007) . Similarly, tumour regression due to the inactivation of Myc can be associated with cell senescence, functionally supporting a therapeutic role for senescence (Wu et al., 2007) .
The outcome of conventional cancer therapy is enhanced when a senescence response is present (Schmitt et al., 2002; te Poele et al., 2002) . In addition, other strategies for pro-senescence therapy have been proposed, including inhibition of telomerase activity and alteration of CDK or CDK regulators (Campaner et al., 2010; Chen et al., 2005; Harley, 2008; Kennedy et al., 2011; Nardella et al., 2011; Puyol et al., 2010; Ventura et al., 2007; Wall et al., 2013; Xue et al., 2007 ) (see Poster).
Moreover, it has been shown that senescent cells can be cleared by the immune system owing to the SASP. For example, reactivation of p53 in a mouse model of hepatocellular carcinoma that is driven by RAS expression results in tumour regression that was associated with a strong SASP, which allows for tumour clearance (Kang et al., 2011; Xue et al., 2007) . However, the clearance of senescent cells by the immune system is not universal because precancerous lesions such as naevi can persist for decades without any sign of malignant transformation (Michaloglou et al., 2005) . The targeting of SASP might also provide a possible route for pro-senescence cancer therapy by enhancing cell clearance. However, it is important to remember that even though senescence acts primarily as a tumour suppression mechanism, it can also promote tumorigenesis (Krtolica et al., 2001 ). Therefore, pro-senescence therapy will have to be applied in a highly specific manner in the clinic and might require initial genotyping before use. Our expanding knowledge of the senescence mechanism will help to advance prosenescence cancer therapy, so that it can reach the clinic as a cancer therapy in the near future.
Conclusions
In the 50 years since a role of senescence in tumour suppression and ageing was first proposed, the senescence phenotype has become much clearer. Once thought to be merely a phenomenon found in vitro, senescence is now being recognised as a relevant cellular mechanism in vivo. A major hurdle that the senescence field must overcome is labelling senescence with a strict definition. Because there are a multitude of distinctive initiators, pathways and markers of senescence, unambiguously defining a cell as senescent can be difficult. Senescence is increasingly referred to not as an irreversible growth arrest, but as a stable growth arrest.
Additional functions and signalling mechanisms of senescence have also recently been uncovered, including links to autophagy, the inflammatory response, chromatin structure, as well as its regulation by miRNAs, which have been shown to induce senescence by regulating key effectors of senescence pathways (Christoffersen et al., 2010; Feliciano et al., 2011) . Powerful high-throughput analyses at the genomic and epigenomic level will continue to progress the field to a better understanding of senescence at the molecular level and further elucidate its potential in tumour suppression, ageing, wound healing and tumour promotion, as well as other roles that probably remain to be discovered. Further research into these mechanisms might address unanswered questions in the senescence field such as how to control the effects of senescence in such a way that it could be used in cancer therapy.
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